Abstract: Cu 3 BiS 3 nanoparticles were successfully synthesised by hydrothermal and solvothermal methods using L-cysteine biomolecules as a sulphur source and complexing agent. Phase and purity of the samples were characterised by X-ray diffraction (XRD) and selected area electron diffraction (SAED). Scanning and transmission electron microscopy (SEM and TEM) revealed the increasing of particle size from 29.8 ± 6.3 nm to 89.6 ± 17.2 nm by changing the medium solvents from de-ionised (DI) water to ethylenediamine (EN), in accordance with the decrease in the BET surface area from 17.5560 ± 0.1170 m 2 /g for the DI particles to 4.0297 ± 0.0370 m 2 /g for the EN particles. The absorption spectrum of highly crystalline Cu 3 BiS 3
Introduction
Recently, a large number of researchers have paid much attention to ternary sulphide semiconducting materials owing to their linear and non-linear properties [1, 2] . Copper bismuth sulphide (Cu 3 BiS 3 ) is a promising material which exhibits a p-type semiconductor. It has different potential applications: solar absorbers in photovoltaic devices [3, 4] and novel usefulness in lithium-ion batteries [5] . To obtain the novel structures and properties of Cu 3 BiS 3 , different methods have been used for synthesis of various shapes and sizes of the material. Solid state methods have been studied to produce thin films such as Cu 3 BiS 3 thin films by reactive sputtering on hot substrates [6] and In 2 S 3 thin films by co-evaporation in vacuum chamber [7] . In some case, the template may be used in the process for the nano/micro scale patterning of inorganic thin films [8] .
On the other hand, the chemical synthesis could be used to synthesise Cu 3 BiS 3 nanosheets or nanoparticles by one-pot strategy using metal precursors [9] , and multi-armed microrods by a solvothermal method [10] .
The biomolecule-assisted hydrothermal and solvothermal processes are environmentally friendly. Thus they have been widely used for synthesis of both binary and ternary metal sulphides with remarkable properties [11] [12] [13] . These methods have several advantages: controlling of sizes and shapes of the as-synthesised powder, accelerating interaction between solid and fluid species, and the formation of homogeneous materials with pure phase [11] . L-cysteine, a thiol-containing amino acid, is one of the biomolecular compounds which have been extensively used as a sulphur source and complexing agent in metal sulphide synthesis [11] and applied in biosensors as buffer layer conducting materials [14, 15] .
Our motivation is to study the influence of different solvents on sizes, nanostructures, morphologies and BET surface area of Cu 3 BiS 3 products synthesised using L-cysteine as a sulphur source. Additionally, a possible formation mechanism of Cu 3 BiS 3 was also proposed according to the experimental results.
Experiment

Synthesis of Cu 3 BiS 3 nanostructures
To synthesise Cu 3 BiS 3 , 3 mmol Cu(CH 3 COO) 2 ·H 2 O and 1 mmol Bi(NO 3 ) 3 ·5H 2 O were mixed in 15 ml de-ionised (DI) water. Only the first was dissolved in the DI water but the second remained as white precipitates. Concurrently, 3 mmol L-cysteine (C 3 H 7 NO 2 S) biomolecules were dissolved in 15 ml DI water. These solutions were mixed to form a mixture, which was transferred to a 50 ml capacity Teflon-lined stainless-steel autoclave. The autoclave was tightly closed, heated and maintained at 200°C for 24 h, and naturally cooled to room temperature. The as-synthesised precipitates were separated by filtration, washed with DI water and absolute ethanol, and dried at 70°C for 24 h for further characterisation. To study the effect of solvents on the crystalline phase, properties and morphologies, ethylenediamine (EN) was used as a solvent (solvothermal synthesis) instead of DI water (hydrothermal synthesis).
Characterisation
The crystalline phase and properties were studied by an X-ray diffraction (Philips X'Pert MPD XRD) analyser using Cu-K α radiation (λ = 1.5418 Ǻ) operating at 20 kV 15 mA with a scanning step of 0.02°/s. The morphology investigation was carried out by a field emission scanning electron microscope (JEOL JSM-6335F FE-SEM) operating at 15 kV, and a transmission electron microscope (JEOL JEM-2010 TEM) with LaB 6 cathode electron source operating at 200 kV. Nitrogen adsorption isotherms were analysed by a TriStar II surface area analyser with outgassing at 100°C for 24 h prior to the measurement. The optical absorbance of the dispersed nanoparticles in ethanol was determined by a UV-visible spectrometer (Perkin Elmer Lambda 25).
Results and discussion
Characterisation
Phase and crystalline degree of the as-synthesised samples were characterised by XRD as the results shown in Figure 1 . XRD patterns of the samples synthesised by hydrothermal and solvothermal methods at 200°C for 24 h correspond with the orthorhombic Cu 3 BiS 3 phase of the JCPDS database no. 43-1479 [16] . The XRD peaks of the sample synthesised in DI water were rather broad, indicating the presence of a number of nanoparticles with low crystalline degree oriented in different directions. When EN instead of DI water was used as a solvent, additional XRD peaks were detected and the XRD peaks became stronger and sharper, implying that the crystalline degree was improved. In this research, the two samples were composed of nano-sized particles of orthorhombic Cu 3 BiS 3 with the EN nanoparticles larger than the DI nanoparticles, in accordance with the above XRD analysis. The hollow halo SAED patterns of concentric rings revealed that the samples were composed of a number of Cu 3 BiS 3 nanocrystals. The particle sizes obtained from TEM analysis were measured. The particle-size distributions ( Figure 3 ) were close to a bell shape with the average size of 29.8 ± 6.3 nm and 89.6 ± 17.2 nm for those synthesised in DI water and EN solvents, respectively.
Comparing with the previous report [11] , L-cysteine biomolecule was used as a sulphur source for hydrothermal synthesis of ternary metal sulphide at 200°C for 12, 48 and 72 h. Crystalline degree and particle size of the samples were increased with the increasing of reaction time. For the present research, the nanoparticles of ternary metal sulphide were grown in DI water and EN by the hydrothermal and solvothermal methods at 200°C for 24 h. Both the present pure products were able to be synthesised in DI water and EN but the crystalline degree of the DI sample was lower than that of the EN sample. Comparing between the present XRD patterns and the previous ones [11] , the crystalline degree of the EN sample is higher than that of the previous one, although the reaction time of the previous report was as long as 72 h. The specific surface area (S BET ) of the Cu 3 BiS 3 nanopowder was determined by the Brunauer-Emmett-Teller (BET) analysis (Figure 4 ). The specific surface area was 17.5560 ± 0.1170 m 2 /g for the DI particles and was decreased to 4.0297 ± 0.0370 m 2 /g for the EN particles. Consequently, the decrease of BET surface area corresponds with the increase of nanoparticle size. Furthermore, the N 2 adsorption/desorption isotherm was specified as a type II isotherm, which was large deviation from Langmuir model of adsorption. The isotherm at the intermediate range corresponds with the monolayer adsorption, and the BET constant was very large comparing to 1. [17] . Obviously, formation of the complexes in different solvents can play the role in crystalline degree and particle size of the final products characterised by XRD, SEM and TEM. The different solvents used for the synthesis of ternary metal sulphide have been investigated in various novel reports. The solvents with different reducing properties can lead to the formation of different phases [18] . In addition, the proposed mechanism and the ionic valence states of Cu + , Bi 3+ and S 2-are consistent with the previous reports of several researchers [19, 20] . 
Formation mechanism
Optical properties
To understand band edge of the as-synthesised Cu 3 BiS 3 crystal, the absorbance was characterised as the results shown in Figure 5 . The plot of (αhν) 2 vs. hν was used to estimate energy gap (E g ) of Cu 3 BiS 3 . By extrapolating the linear region of the curve to zero absorption, the direct energy gap E g of nanocrystalline Cu 3 BiS 3 was determined to be 1.6 eV, in accordance with other reports [4, 21] .
Conclusions
In summary, Cu 3 BiS 3 nanostructures were successfully synthesised by hydrothermal and solvothermal methods using L-cysteine biomolecules as a complexing agent and sulphur source. By changing the solvent from de-ionised (DI) water to ethylenediamine (EN), the average particle sizes of Cu 3 BiS 3 nanoparticles were drastically increased from 29.8 ± 6.3 nm to 89.6 ± 17.2 nm and their crystalline degree was increased. In this research, the as-synthesised Cu 3 BiS 3 nanocrystals in EN possess a direct energy gap of 1.6 eV. Furthermore, the strong EN reducer was responsible for the formation of highly crystalline Cu 3 BiS 3 nanoparticles.
